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Abstract

In gection 1 of the following roport is a description of the meghan~
ical detaila of the Amherst College photoelectric photomster. In sectiom 2

is a dageription of the measuring system which permits determining photocur-
rontg eithor with a zero offsat method or with the conventional measuremoent

of vcltaze drop across & large input resistor, Sestion 3 includes a discus-
sion of tho design detalls of various power suppliss and asmociated electronic
svparztus Yo namtdna

s 'y 2 "drm L 30
PARE RO ORI ) “rs WV STl iy e

e dipcussion of the desisn of the D,C, amplitier
used in the rmeasuring system,

The general oharascteristics of the D,C. amplifisr are as followas:

1. Grid surrent —-- 10~13 anmperes.

2. Iuput resistance --- adjustable in eleven steps from O to 1600
msgohms.

3. Voitane gain --- 0,783,

o

Output impedance -~- 15,3 ohms for a load resistance of 100 ohms.

2y

« Linearity --- better than 0,1%,

o>
[

Drift (aftor warmeup) --- 0,1 niilivelt per hour.
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. I. lizchanieal Details of Fhotometer

This report doscribes the photoelectric photomaster coustructed at hihere?
Cclleps Cbservatory under contract NEonr - 66904. The photomoter was dezigned and
censtructed to be used with the 1€-inch Clark refrector at Amherst Collepe. Tun
’teleacope itself 1s a visual refractor with o focal lengih of 277 inches operbing
ai £/15.4.
Figure 1 is a photograph of the photometex proper. The photomzter hnp
e follcwing sub-asgeinblies: a brass nvipe, macnlncd to Tit the end o tho 4“clescone,
which slides in and out slong the telascope exile in order to effoet focusciang. Tiis
bracs tube carries an engraved scale on it to pernit resetiing a glvea focuvs. its
position is controlled by a rack and pinion. The main body of the photorcter lz
ceptured on the brass pipe by a flernge cnd retoining ring. Thc photometor o le
roctated with respect Uo the pipe permitting uetting the eye-pliece in any convonienl
" orlentation. A box carrying color filters nay be s5iild transvevsoly through the
proitometer housing and stopped with any one of throe cclor filtesrs lceated in
*the converging cone of light. A spring-loaded ball and detent mecheniswm indicites

.

aken the location of a given color filter is proper.

) The errangements for gulding and finding are indlcated in fipuce 2, A
rolatively large, optieally flati front surface mirror way deflect the converging
asone of light to a foecus in front of o low-power erve-yliecc. This eyo-niece glies a
fuirly lerge fleld of view and utilizes the vhole aperlure of the telezccre,
tnereby facllitating the selection of the given ziar desired. Cnce the derirnid
a%ar nas beeon found, itve telescope Is aoved te bring the ster to the cevter of
the £121d of view. The dlagonal mirror is then £lid beck out of the rouverzing
cone of light. The light continues through any color filter that mey Lo in wsitioa

on 0 a smaller diagonal mirior at the Zower end of the opticol eolumn. This

n
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diagonal mirror deflecte the converging cone of light to a focus iu front of Jens A,

ing Frow & fecun and:

£ &

set in a small brass tube. This lens receives ke rays dilve ;

collimates them. The rays continue through a thin unsilvered mlcroscope rrver gless,

through a second lens and thence to a focus In front of a high power gui: Nt cye-

plece. A ghort distruce anbove the diagonal swrface of the wmleroscope cover (lzgs is

a roticle, consisting of s circuvlar disk of glass coatzd xith & metel film 3u which

has been engraved a very small clrecle. Light fror a "Grzin of Wheat" lamp above the
reticle pasees through this engruved circle. The reticle is at the focus of lems C.

The 1lipht fi-or the reticle therefore is coliirmated by the lens and passes down throvgh
+he diasgonzl mlcroscope cover glass. 4 portion of “he ilight reflechs fvor tro cover glass,
passing through lens B to a ccmmon focus vwith the light frorm the oitze. "To the lelescope

~

‘e selt properly the star appears as nearly a point of light et %hs eanise of a bright
circle. The position of the retiele in the fceal plene ¢ lens € may e adjusted Ty
controlling screws. Once the telescope has been orisnted properly bthe second diamenal
mirror 1s removed and the light continues to a Tocus.

At the lower end of the optical column is a movekle slide errrying o aurber
of small diaphrepgma of various sizes. Any ono of these diaphrasgms may he vt on the
exls of the photometer with the ald of a sprinpg-loaded plunger and detcny nochanicw.
If the telescope and photometer have teen adjusted properly the star iuvag: wiil
appear In focus at the center of the selected dlezphragm. Tlie longltudinal pozition

the photometer is determined by finding the forus of the telescope with the sld
of a kvife edge test. The reading on the ¢nrured scgle ¢n the brass pipe 1s theu
resd ard recorded. Thie selting neturally will wvary with aiffereni color filiswa.
The adjueting screws controlling the position of the ratlele above lens G ave
adjusted 3o that when the star imege appears in the centsr of the ving of 13zht
from the reticlie, the otsr lmzge will slso appesr at the centor of the focs piage

diaphragm when the dizgonal mirror is s1id out of the coaverging conc of lichis The



function of the dlaphregm 1s to remove background light from the sky permitting only

the light from the seiscted star to pess through to the phototube nlony wxith 2 very

small) amount of background sky 1lluminatien. The light which passee through the disphragm
+goes throngh a fisld lens and thenre to the sensitlve aurfece of the phctobtube. The
function of the field lcns is to "mage the tsolescope obiecliive on the thotocsthode.
.This arrangement prevents motion of ths Image on the vhichoeathode even thovgh the

irage in the focsl plane of the telescops may move aboul siightly due to atmospherie'
tremor.

Figurs 3 is a photograph of the housing centainiug the preteiube and sube
minlature amplifier. Thals ncusing Is a double~walled contaluer so arranged thnt the
phototube mey bz refrigerated with dry ice. The spece between the innsr and cater

vells of the ccatalner 1s filled with Santocel iqsulation. The éxy ice suprl: necd

bs replerisned only cnce during the course of & night's observing. The light entorin

&

the phototube hicusing passces through 2 small viece of cellc hane. Thig waterial decs

,hot fog easlly even at dry lce temperai’wes and it has not beoein necessery to vrovide
any heatling coil to prevent fogéing of the entrance window, Flgure 4 is a phctogravh

" of the subminiature smplifior which fits into the phototube housinr. The signal lead
passing from the phototube arode to the amplifier inpwt goes through the innsr wall of
the phototube hnusing, through the 3antocel insulation and then through an ivsulated
neader in a brass plate at the bottom of the amplifler well. Depending ca the sensitlivity
sebting of the amplifier whe resistanca from this lead to ground may bLs as gvost as
cne thousond megohms. The current carried by the lead will rerely te 23 great as one
microamp:re. The arransement of having the signal leed ontirely cnclosed in3ide the
phetotube housing has the great advantage of avelding lecakage trouvblen cduvo to sbe
mospheric moilsturs. Leakage troubles have been fairly serlous ot socmc ohoecuntorics

becsuge the photometer must operate 2t Lomperature and humidity conditicns which are
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the same as those outside the observatory tmilding. The dowes which eontain teloacopes
may never be hoated because of ths :Msastrous effcets such reating would have on

the steediness of the star image produced in the telescope.
IT1. Measuring Systen

In Tigure 5 18 a block diagiram of the wme . swring cystom. The Zorl siide

ie actually the tube carrying the second dlagonal wdrror in the photometor citical

column. This dark slide operates two microswitcheo. Cie microewiteh turns on ths
"Grain of Wheat" lamp for gudding purposes =hen the dark =1ide is puched in. Yhe
second microswlitch is the one indieztcd in the tlock dlagrem end opzrates vihen the
derk slide is retracted. Cn withdrawing the dark slldo light falls e tht rhoetotube
and produces a photocurrent which, floﬁing througr rzalghor R, prodrvcesn o signel
voltage. In series with this voltage is the interrnal voltage of the v '~'=in
potenticmetsr. The pclarity is such that the voltage produced across roecisior R

is opposed by the Internsl voltage of the poitentiometer., The D.C. amplifior con-
sequently sees as an input signal the differ.nce Letween thesa two voltagoes. With
no iight faliing on the phototube the microswiich actusitad by the durk sllde comnectes
the resistor R directly seross the input to the D.C. amplifiecr. It is pcsecible to
set the swiltch-in potentiometer voltage %o zero arnd in this location the catire
roRsuring cirecult behaves in a manner similar to the crdinery photoslociric ihotome

etor. With a voliage set in the switeh~In poteaticweter *he behavier of ihe scasweing

o lizht falls on the phot it:be the D.C. amplifler has an Input signal whick 22pends
upon the dark current of the phototube. The zero control of the D.C. amplifier
permits adjuating tiie position of the Brovm recorder pen at perhaps 10908 full
ascele deflection. Ca ratracting the dark slids the light faliing cn the thiolotube

proiuces a signal voltage across the resistor Ry howaver the microewitch caniseted
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.to the dark slide simultaneously trnasfers the lower laput teominel of the D.C. aprlie
fier from one side of the switch-in rotentiometer to the other side In suect 2 wvay
that the new input voltage seen by the D.C. amplifier is the differecces hetrecn the
new voltage across resistor R and the voltage previcusly set in the ewitch~in po-
tentiometer, If this voltage in the switch-in potentlomeler 13 exacily oguel to the
-product of the change in current through resistor R and ite reslstaneo, the pen of
the Brown recorder remains in its origiral position. The action of the micrcswitch
and switch-in potentliometor therefore is essentially a weans of displading the zcro
of the recorder by @ known amount at the same time that the light faiiing cn the
phototube produces a signsl at the input of the D.C. amplificr. The Drown rccorder
has a sensitivity such that ten millivolts Inpub signal produvces full seale dofle tion.
The switch~in potentiometer has wwo decades, one decade giviay steps of cne rillivolt
and the cther decade giving stena of ten millivolis. Ideally the D.C. an;lifier shouvld
have a voltage gein of exactly one. If this is Bo, emch siceessive ciep of the Lirsy
switch-in potentiometser decade displaces the recorder zero by ten percent of full
.scale while each atep of the second decads displaces the reccrder zere by cnn Tvll
_scale width. The advantage of this arrs:.gement is the following: in photometry of
stars the precision ideally should be limited uy the siteller scintillation preduccd
by fluctuations in transmission through the earth's atwmosghere, However on sorw
exceptionally good nights the error in a given observation is determined more by
the widtih of the recorder pen line than by the atmospheric secintillations. With
the type of observaiions described above it is possible to set the ascneltivity of
the D.C. amplifier such that without the switch-in potenticueter ths sipnal produced
wounld give much greater than full scaie deflecction on the Browu recoydcr. The
presence of the switch-in potentlometer displeces the recorder zero ky o lnova

emount so that the top end of the pen line raomeins on scale. Tris permits amplifi-

cation of the atmesphoric zsintillation effects relative Lo the width of the pen
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line by a factor of apprceximiely ten. Figure 6 glves e gencral view of the chassils
containing the switeca-In poiunticmetor, the repgulating cireul’ for tho photomiltiplier

tube and the power supplies for these ~lreults.
13T, Design of Regulators, Fotentlomeler, and HV Suppiy

The usual degcnerative repulator hes a cirenit errangemert as shova in

g &
figure 7. By use of the cusiomary reiationship ¢ ~p ~ Cox T MNPy it is
possibls to calculate tho degres of rippla reduction achisved by o given rsgulator.

Referring to the latecla on figwe 7 the following rolsticnchipe Telicow lawedlately.

- e . - - - o i -~ v
( ok, T R vhere Z. = the sar21lel coudination of 2,7, Rs
P - 2 and the internal ixpedonce of the  volifier
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E; e = 4 = —-é-?c———e
¢ T+ 2, rpZ (No(G) where “c e
I3 ¢ (esouming 2 u:} ,-ccq} )

e
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hence, A i
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The &",ove relationships assume that there is 7eve 1 ase shilt hecrohout
the entire regulstor. In order to provide a high dogree of regulaticn the Tcad Dack
amplifier with geln indleated as =G should have n large gain and at the same time
a wide . :d width. It will be observed fror the above relaticnship thst the larger
the value for G the betise the ..gra2e of regulation. Hewsvor s dogres of divinishe
ing returns is rapidly reached since in orcer %o provide =uall phass =hift the
emplifier must have a very wide band width and 17 gt tke svie tine the gnin of the
feed back amplifier is very large then the amplifier itaself iuntroduccs a:rrocivble
nolse into the cutput. The B supply for the switch-in potenticmeter und lhoteiube

reguletor amplifiers is of this varilety. Its ciremdt dlapgrasn: aprcars in Jismwe 8

A &£ . PS



The quality of this regalaior need not ve extrewely high, veguletisg acouvracy of

0.1 being entirely sdequate. This pcxer supply uses a bhztiery stenders vhich has
been found quite satisfactory. Ne current le drzan from the batiery aud mo it will
last for its full shelf 1life za an operating component of fic roguluter. & check of
the degree of regulation of the 260 volt supply was mado by conneciling togather a
number cf batteries in series to provide a sturdard 250 velt supply znd cbserving

the difference between ihis spunply and the eleetronie suprly on the differcntinl
input of a Tektronix oscilloscepe. The 260 volt electronic zupply opernted with ivs
normal load applied. The in:ut impedance 6. the Tektronix oseillozceore is loree cnoug
that & negligitle current wns drawn from the battery standerd. A rinple with en
amplitude of .015 volts was obzerved in the output, bLelng mainily 60 cyelosn. &
considerable portion of thias czme from the rather long leceds extending Trom the
oscllloscope tb the regulatcr and tettery standard. The random low {regusrncy Jrift
®vss less than 001 voli: snd during an observing pericd of {ive ninuter theore wes

a gradusl drift smounting to .008 volts, It i3 apparent that the degree oF stability

is better than O.IZ,. Assumling that the drift for a five miivwtc poricd ol rulend
by an =qual amcunt ané in the same direction for a period of onc heur, thic wovld
give an over-sll 4drift of less than .05 ﬁaper hour. The transconductarce and caplie-

flcation facters of the various tutes in the feod back ampli {ler were determined

on & vacuun tube bridge. The cslculated vaiue for *r wan 1/300,000. It is
3
R
conceivable that a still higher degree of regulation cculd he achieved by operating

the heaters of the feed back amplifier on regulated D.C. It iz nocossary to muke

3]

fairly careful choice of the circuilt values for the 124U7 siage feeding She 27

regulator tubes to avold instability in the regulator. It will be cbzerved iihzl the

plate currents in successivs stages of the regulator becose

ra

mecesslvely larger and
impedances in successive stages become successively louer. Attempls to use too

large 1lcad resistors in the fiaal stages o' the regulater sriplifier; particularly

h

»
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the resistor in seriss with tre control grids of the scrles coabrol tuler, freguently
produce difficulties tecsuse of gppreciable grid current Jdrawn by the sorles control
tubes. At the same time phase shifts produced by large input capacitance Tov the
control tubee csn cause low azparcent reguletion factors. Wire wound resistors in
the first stage of the control amplifler 4insure stability of cumprononts with ‘tomperae
tire. The gain of the first stage ie sufficient that the components in suciossive
stages need not have the extrere performsnce availadble for vire wound resistirs.
Figure 10 is a circuid diagram of thic switeh-in potentiourter. There are
two supplies for the reguleting amplifier of the switch=in polenticmcter. One of
these is the regulated +260 volt susply described sbova. The cother ic o ~3150 volt
regulated supply provided by a VR tube. The funectlon of the potentiometer nws
beesn described above. If it 18 to perform ites funcilon vroperly the volingo
available across the two decades of the potentiometor wust maintnin cecvrats call-
pration. Moreover if the potentiometer is to be used te displuce the zero ol the
Brown recorder by as much &8 ten chart widths and if the recorder is to ve read to
an accuracy of 0.1f7bthen it 15 apparent that the calibration of the switch-in
potentiometar voltages must be accuraie to 0.0legto avold intrcducing syotematic
errors. This accuracy is ezccomplished by using two control loops. With tho wotentl-
ometer switches set at the middle of their ranges and with the grid of ithe 4J7 ot
approximately ~1.65 volts then the current {lowing through the &7 is very noerly
one milliampers, The voltage at the cathode of the 637 is sampled by 2z resisiivo
divider network consisting of & 5 megohu and a 1 megohm resistor. The somple
voltage 1s fed to ons grid of a 12AX7 duotriode. With the Stevensz=frnold chopper
disconnected from the circuit the grid voliange of the other half of the 1238X7 is
maintained at +1.12 volts. This voltage balances the sample voltszo. The firat

12AX7 acts as a differential amplifier and the output signal fecds & sacond 12AX7

which in turn conirols the grld of the 6J7, completing the ceatrol lcos. in operation



the setup procedure Yor the potentiometer is as follows: afiter wuralng on the rower
supply approximately twenty minutes is allowed for warm-up time, then the two
ganged potentiometers dividing tae output of the first 128X7 are seht so that the
voltage level at the grids of the second 12AX7 produce the propsr bias voltsge on
the 6J7. The one microfarad capazltor bypausing the 6 megobm rasiotor Ia the
samplirz network gives this network & long tlme coashant and conschguently a certain
amount of time is required to permit the 6J7 to establisu its Tinal cporating

voltage. When the current flowing through the switcb-in potentioneter 1o preoserly

{from ground to the lower terminal of the decades cquals a standard ecll voli:nge.
A thermostated standard @il is conme-ted so that ita EIF subltrects fror the voltags
appearing across this preeision resistor, Vlth the proper cuwrrent flowing, the
difference is zero. If the regulator on-off switeh is now closed any cieor veltage
will appcar as a D.C. voltage at the input of the Stevens-Arnold choryor. Trile
chopper converts the error voltago to a 60 cycle square wavo which fecds to the
input grid of s 6AU6. There are two euccessive stagss of amplification and &
cathode follower output. The A.C. amplifier has a {airly wide band widih to permilt
faithful reproduction of the 60 cycle square wave with little phase shift. The
cathode follower has a low output impedance which will provide a short charging
time ccinstant for the cepacitor at the output of the dewodulating chopper. There is
a potertiometer in the cethecde of the cathede follower which perpits sctiing the
cathode vcltage, aftor adequate warm-up tire, to ground poteatial. Thir is a
necessary feature since if the cathode is et a positive potentlal with recpect

to grovnd there will be a D.C. voltaga deveclored across tho 1/10th microfarad
capacitor since it, along with the .22 microfarad capscitor, will art as a capacity

voliage divider at those instents thet the vibrating reed connects the tio capaci-

o



tors together. It 1s desired to have zero output voltagz for zmero error volluge at the
input of the chopper, herce the necessity for seiting the D.C. cutpul level of the
cathode follower to ground potential. The A.C., amplifier has 2 total gzin of approxi-
mately 500 and is axceedingly linear over wide cignal rangesz. The dewoduleted cutput
after passiig through a series filter, goes directly to en input geid of the 1248X7
regulator tubs. This forms the second regulating loop and corrects Tor any winor
error in the initial setting of the current through the £J7. The procelure in
summary 18 as follows: after a twenty minute wurm-up time, the ganged potsniion-
sters In the first 12AX7 D.C. amplifier stage are set so that the cetheic veliege

of the &J7 is eleven voltes positive with respect to sround. The potcitic oter in

the cathode of the 6AU6 cathode followsr is set co that ths cathode vclizze iz at.
ground potentiel. The regulator on-of{ awitch connecting from the stundsrd cell

to the input of the Stevens-Arnold chopper 1a closed permittiag the chopper znd

A.C. smplifier to teke over control of the circuit. With the thermostatic cuntrol
for the standard cell, the entirse instrument may be oporated at the azblient tempera-
tures found in an observatory dome and has operated well down to =20 cenblsiadc.
The calidration is maintained independently of the settling of either decadc mwitch,
The stability of the switch-in potentiometer was checked by counecting zn exicragl
stendard cell in such a direction as to subtract from the voltage produced cercauc
the 1018.8 ohm resistor and measuring the difference cn & Brown rcccrding polenti-
ometer. Full-scale deflection on the Brown recorder corresponds to an input voltapo
of 10 millivolts. Consequently voltage variations of lf% in the outrut would pro-
duce full-scale deflection, while 1 chart unit on the Prcwn recorder correspends

to an output variation of 0.017%,. Without the chopper amplifier operating i after

an adequate warm-up time, there were erratic output drifis amounting to O.l“%.

Closing the regulate switch to the chopper amplifler reduced those erratic drifts
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by a factor of ai least 10, There were residual errstic drifts, however, which occasion-
ally became as large as 0.02 7. These were superposed on a alow average drift which
wes taken Yo represent a graduszl temperature change in the standard cell voltage.

The output drifv 1s somewhat larger than was originally expected and probably arises
from the D.C. amplificr boinecn the chopper amplifier and the &J7 control tube. In
view of the excellent regulation of the +265 volt supply it would probably be possivle
to eliminate this D.C. amplifler altogether. It i1s also qulte possible that the VR
tube contributes appreclably to the instabliity of the output. It would undoubtedly
te better to use a double capacitor coupling for the cutput to the demodulating
contacts, bringing the common junction of the two output ce& ....ltors to ground via

a series resistor. Tals zrrangement would assurs the elimination of any capacitive
voltage Civider effecte. It is found in practice that the D.C. voltage level at the
cathode of the cathode follower does vory appreciable, over psrhaps a volt in a
period of scveral howurs.

The rogulator for the photorultiplier supply is similar in most respects
to the reguistinug amplifier for the switch-in potentiometer. Vith a faw minor
circuit chunges the A.C. amplifier and the D.C. amplifier in this regulator are
8imllay to those in ihe swiich~in rotentiomster. The photomultiplier supply, as
is shomn in figure 11, uses a 6SL7 suotriode as the control tube for the resiscive
bleeder suppiying the verious dynodes of the photcaultiplior. The +260 volt and
=150 volt regulatod aupplics for the regulating emplifier are the same as those
for the sultch-in potentiometer amplifier. The current to he regulated in this
caze 1s 1/1C ieilliampere while for the switeh-in potentiometer the cuwrrent %o be
regulated was 1 milliempere. The voltage levels for the photosmultiplier supply are,
goneraily speakiug, considsrably higner than for the swxlich-1in voteatlomater. These

two facts have neccessitaled certain circuit modificaticns. The flret regulating
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loop utilizing the two 12AX7's hes a fairly high impedance sampling circuit. The
circuit conalsts of a 100 megohnm and a 25 megohm high voltege resistor connected in
series scross tihe output of the high voltage eupply. The =ampling point is so selected
that nominally its voltage to ground is zero. Switch number 1 on figure 11 initially
cormects the sample point directly to ground. This permits the two 250C volt cnpnci;
tors io charge to their proper voltage. If the sample point were connected directly

to the 12AX7 grid, itbo circuit would bshave like a current integrator which would

tend to mointain the 6SL7 in a cut-off condition for a very long period of time.

Thae setup proceduvre for this circuit i3 as foliows. After turning cn ik
pover switen tueve is a one-minuto delay 4n applying high veltage provided by the
Amperite thermal relay. This pormite the 6SL7 cathode to come up to operating
temperatura and avelds applyinzg e large pilate volitage without the tube being in an
operating condition. After a twonty minute warm-up period, during which time switch
numosr 1 nes mxintained the sample point at ground potential, the ganged potenti-~
omgters Jividing the output of the first 12AX7 are set so that the voltage at the
cathede of the 6SL7 4s one volt positive with respect to ground. The potentiomete:
in the cuthode of the 6AUEL cathode follower iz then set so that the voltage at the
cathods follower cathode 1s zero voltx with respect to ground and then switeh nuwbor
1 1= moved so that the sawmple point now comnects to the grid of the 12AX7 regulator
tube. The genged potentiometers in the 128X7 stage mey now be re-sdjusted slightly,
if recescary, to return the cathode voltage of the 6SL7 to one volt positive with
reapoct to ground, and then swl na nmumber 2 is closed, inserting the standard cell
and chopper amplifice in the rogulating circuit.

The Teeder network feeding the various dynodes jis :oldered diroctly to
the base ninc of the photomultiplier. In gorneral the photomultiplier will be ro-

frigerated =ith Iry ice uhich coffectively thermostats the bleeder resistors. Since



=18 =

the curreni drarm from the photcaultiplier supply 1s very smell, snd since the voltage

levels cre fairly nigh, 1% is particularly important that the filter capecitors in

the supply hovo vory high insulation resistance,
IV. Design of D.C, Amplifier

¥isure 12 is a diagram of the subminiature D.C. amplifier. The amplifier
acts eszentirlly as an impedance transformer. It ie designed to hava a low output
impedance fecdirg a ladder atteniztor which in turn feeds a Browmm 0-10 millivolt
recordiny poienlioseter. In principle 1t world be better not to have an attenuator
between the amplifier outjput and the Brown recorder, and the amplifier should
kave ity voltoage gain, thersby maintaining the calibration of the switch-in
pcientiometer in proper rclationship to the voltage sensitivity of the recorder.
Hoviever, as will be indicated below, tho senrltivity of the present amplifier is
legs than one, while tho acasitivity switch at the input is too coarse to permit
elinlnating the atlenuitcr as a fine sensitivity device. For astronomical obeerve-
tions 1t wculd te on acdventage to have an attenuator which would give sensitivity
step3 corresponding to changes of 0,1 in the appsrent magnitude of stars. For s

ladder attevnuator, this woull correspond to a value for a of 1.0965. {ses Terman,

"Radio Engineers’ Handbeook", 1.215). Until very recently the balancing mechanism

-

for recorders hag worked bezt for scurcs lmpsdances of, at the most, approximalely
200 ohus. The recsistance values which happened to be on hand permitted assembling
1 attenuater with 6=1.047,
The cutput stege of the D.C. amplifier consists of a double bridgs-
baloneced clircuit. Leoking monenterily et one side of the bridge-balanced cmplifier

(figure 13), end consldering tho lcad resistance for the moment as infinite (i.e.,

thers is ro lead comnected frem the cathode of T to i, 2), it is possible to



- byt M e

G '
=
" e (248, 75) Ry
de, _ M (naguning fdentical tubes)
e Ap + A hk

Ap + (2 44) Ay

The z2etual circult of course has s load resigtance which is of the gamc order of
magnitude as the cathode resiators. The behavior of such a elrcult may Ye analyzed
in the follocwing menner, agsuming all tubes to be identical, and assuniag » rosistor
Ry connected from the platec of Ty to the plate of Ty (Uote the amplificr actuelly
has R, above the cathode resistors, becauss of D.C..requiremonts. Tnls clengce the

snalysis slightly) (sce figure 13A).

e }?L"'Z[ﬁ"(/“*’) RKJ Ebb*,dﬁ, . Epb "‘a"(en"' e.':)/“
‘ 2LR +tapelues) A A+ +1) Ry R +2 [+ (i) Rxd

Lo Rrelaerise) Rsd Epy +tpes _ Epptzle re) s
27 2L Rwme rlprt) AT 7y e Rs Ry +2[n% + Qi) Ric]

‘:_"' . Rn.f'ZL'f?i-(ﬂn)ﬁ’xj { ﬂ(cl__ez) }
: T "2 A +Ve +(ur) P /f‘P ,;.(/“*,)r’f‘,‘
ZL = i(i’ ;e:)(’a :
¢ ? M +1) Ry %
% (e, -~ e, ) 4 . For push-pull inpui, e-e,:=2¢, % - N -

ot RL ‘f’lf;’ +(/‘+/) R’f 4 & RL'I‘/f‘:,+(/11+-I).?«

Iv will bo observed that the expressions for 1y and 35 consist of twe partz. One
part involves & term arising directly frow the applicatlion of e slgnal voltage to
the grid of the tube in question. The othcr expressicen involves 2 tern which gives
o coumon moda contribution to the signel current. In cbtaining the diffcrcnce
betweon the iwo currenta, however, the common mode current eancele cvt, The ex-

preselon for the gain for a push-pull input 2igrel le identical with 1te 2 peczion
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for the gain of a single triode amplifier with a cathode deyevsration vecistor Ry.
If the load resistor hes a “airly emall value as is true in thls peyticular ampli-
fier, then the output tubes should have fairly low plate resistance and fairly
high g,. For given values of rp and R maximum gain may be obtained by maldng Ry
as small as possible. With the Iow value of load rosistance used In the presont
application, the problem i1s more one of choosing Ry for good oporzting conditions
of the tubes. The value of R in this application is of the ordcr of wegniivde of
100 ohms. Assuming 2 value fog/4 of 20 for the 6BF7 and a value of rp of A7, the
galn of the final stage is apyroximately 0.04, It appears possible that the newer
balancing systems for recorders for use in hign lumpsdance operatlions will pormit a
considerable increase in the value of R .

The outpui impedance of the output stage is a matier of sore intorest.
Assuming the internal Impedance of the plate supply to be zero, the outiut im-

pedence may be ansalyzed in the following terms:

A R 2 _
= e Pt - T AR TS T
Foce Ry + R where R’-‘ At e [/'7" +§u+t)ff«] assuning

the input grids remain =t constant potential. With o foedback connecticn
from each side of R to the corresponding iunput egrids marked bty signals

ey and 63, via an amplifier of gain -A from each side, the output resistonce

becomes'
)
I‘?ouf = ﬁr : = where ﬁr =] 2 [T; = (/u*') RK ]

ﬁT*‘Qg Yoo +/l fﬁ/{

I{/u = 20, rp = 4000, Rk = 100 and A » 1000, then Rp = 0.6 ohm

It i1s important that the filaments of the 6BF7 tubes be supplied with
D.C. Ths supply used for these two tubes and the two 5719's in the preceding stago

iz o C. J. Applegate model 119 D.C. filament supply. The 5719 stage przceding the

output stage is one designed to have largo common mode rejection. It is similar
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to & cireult deseribed by B, !cFee (R.8,I, 21, 770, 1950}, The firsh sive is of
the same general nature., It will be observed that the oulpmut polats at & given
stapa feeding the grids of the foliowing stape are at oliost cxactly the same po-
*entials as the input points to a given stage. The CK512AX tubes, boing filament
tubes, require a separate floating filament supply.

The equation for the gain of a glven stoge as glven by McFeo 1s (1n his
notation) -Se_ = R, AR where g = (R,+ Re) R _

(-6 = R+R, Ap+hy R.+ R, +A.
This exprossion is acourate ua’er the followiny circumstancess 1t assurea perfectly

matohed tubes and resistors and in addlition assumes that voltagos which ors exactly
equal in magnitude and opposite in phase are fed to the two input grids. Under
theas aircumstences the sathode voltags remaine conotant. A4 simpls ap voxlmation
frequently satisfied by practical circults involvoe asgumirg that Lthe currents

through resistors Rl and Ry are negligible comperzd with tho nlate onmwanta. Under

these conditions the expressions for the two plate currents are (zoe Fig. 14)

-~ ® -

‘:‘ e, (2a At &e &)‘ﬂzea(ﬁc*ﬁ'ﬁ} *'E'Lb {'ff",f'/g)
X f(kjo, ¥ Rot R +R)+ 7 R (Res R} + K2

. A (Res Ry) Rt (op v Ay Rt Ry) +Rpu (34 R)
A+ Uy b ap ) Rer R v B) + R R (RAR)+ R?

The sum of the two plate currente is siven by the expression

(4,040 =Ml C275,) # (0,6, +.44s :)F. + Esy (7 447, + 2R)
"'.‘:op 0.t (ﬁ",*‘f'p.)(& PRy + R, }f iR (Redix) R}

[)
oty =

hence the voltage acro-s the combination Rl + Pzis

sty [ # B ) By R (8RBTt 2T P~ Re B ]+ B B by (R ) +en R v 2R R
Thtty +(rg 4 o) (Rer Rt R) 3 2R (R R ) + A7

e".m.)' =

€

), ” e, T, Ry = R ] s, &L (emt R (Ro +8) + (A Re) R)+Eume 40,0 47,8 )0s Rt 2 RRD

P00+ (M, v, ) Bt Bt 8] 326, (R R+ R
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If 31 and 92 are referenced to the bottom of Rk lugoead of the top, the
effect everywhere is to replace Rc and R, by (s + )Ry snd (u ¢+ 1)Ry. In por-
ticular, the expression for the variatiomal woltapge across tho '1‘1 comnbination of

P’l and R2 is

L8 (e, mxmm«f (16 M Wb 8) R ~at, e, {20 B = (10 )R fﬁk} 72 ,
V"‘J‘ "", + Ay llﬂ"' 4 "L) +cf’" Ay, + J&)& ""[{‘?] *Rl-)‘}‘-a 0 3"(4:":: fﬁg}{’“‘ f-gé

iIf the tubes are assumed to be i1dsntlcsl, and if ve use the cuproccions
e,» L(g-e) +i(e + ¢
€ z-L(e-@)egie 4 ;)

then the woltapge ccrons Rl and R, 18

'ﬁ'_},‘.' R {e ... - i/‘(”h +2 Rx)le, f'e..)
AIA Ap + B+ 21+ l)(R, +Ry)

e(l,*l,), =

The first term represents the gnin for a differential Input. 7T~ selewlcd Sk vol=
tage chanse at the top of Rzl with respect to the reference ncic, 1t is neecapcry

to include the voltage change across Ry

# By
Ao + B, + a(1+u) (R +Rx)

Then the voltage changs at the top of R2 is

g, = (e+¢)

1
= (e . :'! .
'C‘a‘ (e € 2 f‘*% A"F ,!_ﬁ‘. ,
(2,+¢) ._‘_(__ [ ITA (R +2Rx) -2 Fy ‘I
- S
N 1 Ap+ B+ (14 )(Ret Ry) J

& ) a g

R,*Rz (ﬁ..f-?ﬂaj = AnK

o g, = < '?K
iil"" 83 R‘- ~ Q RK



If Rp 1 Rl’ ther R, = &), gives zero common mode goin,

Ths signal across the othor R, 1s

P EE—;‘-“‘HR“) ~ 2 Ry
- (c,+e) =

L Ap + R # 31.’*‘,#)(I?c+ﬁu)J

4 Rz f
Ba = '(ez'e')é' T2 A;JI,,

The voltage differance, uvhich is ep, 18

€ R. R.

2
Fa Fp + Ry

w * ~(e-&)u o

If Ry = Ry end Ry =, then the gain for e, = -e) is ¥

The nore peneral cass in which the curronts throush Rl and R2 Gro Aot
nsgligivle is 1llustrated in Iig. 15, The expressions fov ipl and fs’.l cx»2 too
complex to bs uscful In a mractionl case. RY RL = 2Ry ond Dy = Ry, tho coimion
mode gain 1s zero, assuming identicsl tubes. In this eas:, Uie zZain may be cale
culated with the expression given by licFee, If the tubes aro idontleal and 0, =
9., then the cormcn made gain is glven by the expression
He[(Ri+B)aRy - Ry (R +26’x)]
(43R YR+ R BrARk) +(R, + R )IR 42 k)

°L, (cormon rode) =

For tho ecnse of R1 = R, and Ry = 2Ry, the ontput 1z ¢, o .._.4.‘!_8"'

€
&~ ’
vhere 6 = 6, = «~8~ and RT - L& "pa) '?L P + RT
. 2 ﬂl +Ra + RL
In many cases ry~vR~R). For such a situation, ths gain i:‘.;: o B ket ah albos

tromet~r input stage 1s of this variety, there will ordinarily be a voltage loss
since ths 1 of most olsctrometer tubes 4o legs than 2. The second shape then
asgumes importance go far as the problem of minimiszing drift 1 cencermed.

It will be observed that this arplifier ueses 100% negative feod-boek. In
the ideal case for infinite loop gain, the gein with feed-back would *» identically

one, The measured gein is 0.783, TUsing the usual expromsion for gzain in a
- R "

—n—-i?—-.— The

apparent loop gain without feed~back is 4 = 3,61, Since the gucin of the final

negative feed-back amplifier with a value for {3 of 1, & =

stupe 1s 0.0/ the galn product of the flvat two gtares 1s approxinntely 90, It
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is apparent that o ccisilderable improvement in @dperation could be offected 1if
the (ain product for the firast two stages could be incressed apprecisbly, e«
dueing the load resistance at the amplifier output would also inprove the situntion
consldergbly,

It is posoible to evaluate the output impedance of the entire amplifier with
the aid of a circult as indicated in Pigure 16, With a constaant input voltage to
the amplifier the load across the ocutput 1s varied and the corresponding output
voltage is measured. The expression for the output voltage 1s as followas

E s R
o Eﬂ 7+ R;n

Rearranging this eguation gives the £2llowing forms

R = Eh 22 - Rin

It will c obasorved that 4f R 1s plotted as a function of the curve s0 zsnar=

R
Eo ’
ated ml.ovld e a gtralght lins with a slope equal %o the immut voltage and an in-
tercept determinad vy the internal resistance of the amplifier. The experimental
value for internal impedance is 15,3 ohma. The same set of data permits determins-
tion of the cverall gain of the amplifier previously quoted as 0,733,

As mentioncd previcusiyv, a primary function of the amplifiar is to act as
an inpadance transformsr. The input impedance is variable in eleven gteps from
about 5000 ohms to 1600 ispohmas. Tho output impedonce remains comstant, Actually
it 18 a corvent ampllifier with conatant voltage sensitivity but with a current san-
gitivity Jdcpending upon the choles of input resistor,

An irporicnt Ysoture 1ls the amplifier linearity. Thls wane determined by
applying oucecssive lmowrn voliege steps and measuring on the recorder the corres.
ponding defloctlions peoducod, A nlot of the differences betueen the measured deflec..
tions and corregpgondlnay doflrchlons for a perfectly linear amplifior indicates

that the anplifior 53 Mdncar So vithin 0,18 over the measwred range of O - 10 rv,
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In addition to the qvove fouturss 1t 1e desirable for the rmplifler to have
vory emall Japut ocurront. The CK5124X tube i1s very pgood in this respect. It was
found that the orid cwrrent is sirongly dependent upon the soreen voltage. The
gereon suvply cousishts of a two decade potentlometer connected with assoclated re-
sistorg across the +260 volt regulsted supply. The two decades permit varying the
soreon voltags from 13.85 volts to 15.10 volts in 100 steps. After adequate warmeup
time the grid current is evalunted by switching the input resigtor from o low value
to a large value and obsserving the change in output voltage. Adjusting the serssn
voltege portilte weduclag tha grid ocurrent to such a value that switching ths in-
put resistonce from 0 to 1600 megohms produces & change in output voltage by less
thon 2% of full scnle. Thle corresponds to a grid current of approximately 107 13
amp.

The stability preblem in & D,C, amplifiecr frequently is a vexing one. This
amplifior muy bo used within twe nminutes after turning on the power supply voltages
and after o Gen minute warr-up time, will stay within 5% of full scale om the zero
to0 10 =411ivolt racorder indefinitely, at comstant amblent temperature. The ron-
dso

]
47
<]

KT
i

ift 13 no more than 1% of M1l scale and the aversge Arift per hour after
varm-up of one hour 1s approxinstely 1% of full scale. This corrasponds to an
output drift voltage of 0.1 millivolt. It is of some interest in this connaction
that the output drift is not prlmarily a function of grid current. The evidence
for this 1s that the drift in the outpu® e fuirly independent of the input rasis.
tance. The drlfY flgures quoted -bove —efer Yo an input resistance of 1500 megohns,
To achizve thla dogree -of stebility requires great cere in the repgulation of zssceie.
atod voltaprs supplies.

It vill be oboer:ed that the D.C. amplifier altosether requiras five supplies,

One ig the D.C, heator svynldy for the 5719 end 6217 tubes., The CK512AX tubss
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require a separate floating filament supply. The plate voltage for the amplifiecr
18 a floating supply of 140 volts, while the screen supply has been described ubcve.
In addition there 1o a regulated zaro control supply of variable voltage ond ve-
verglble polarity. The mere control supply and the CKR512AX filament supply have
goveral features in common and mny be desoribed together. Each usea a selenium
rectificr ond a low voliage transformer. Stabilization i1s effected by floating a
dry cell at gsuch a location thot the supply voltage difference at those points equals
the dry cell voltape. New dry cells heve internal resistances of no more than 0.1
ohm at 60 cyclza and therefore act very well as filters. To avoid drawing current
from the stabilizing batteries when power is not applied to the circult, relays
open the G»y 2ell connections vhen pover 1s off, This method of stabilization kas
proved very effective, The siability figure quoted above was obtained with a eom-
stant voltose trenaformer betwean ths 1ins and the input transformsr. There is an
appraeciable drift produced by ochanpee in the heater voltage for the GBFY and 5719
tubes.

The floating plate supply for the D.C. amnlifisr uses battery standards and
hag a cireuit diagram as indicated in Figure 17. It will be oumaerved that this
pouwsr supply uscs batbary standards throushout. The regulation factor of this

pover supply may ve &

o

geribad in terms of the relationship obtained previously
= !
A7
I+ & G
§f+l+/“(a()

Using weasured valusg for p and rp for easch tube the gain from the injut grid of

the firat 6SL7 to the control grid of the 6SN7 series contrel tubes is aprroximately
50,000. The volue for @, the rat io of sample voltage to output voliage, is 0.35.
This gives a calculaved value of rippie voitage without feed-bucl: Lo rippie valtage

vith fecd-hacl of 225,003, Sincs the load ou




voltage at the output of the power supply filisr iz Pailrly amall. The manmired
value with normal load current wms 0.2 volts, Consequently if no other voltage
gource ariges, the ripple voltage at the ocutput should in theory be approximately
10 microvolts., The meacsured amplitude was less than 2 millivolts, with some dif-
ficulty iu obtalning the measures because of plicikup in the oscilloscope leads.

There is no real advantage in increasing the gain of the regulating amplifiler unless

the first tubes in the regulating amplifier are supplied with D.C, for their heaters.

It was {ound that with o large cepucitance across the output there was
still an appirecisble A0, ripple volinpge with reapect to ground. This was reduced
to approxixntely 3 ~£llivolts by adding two more capacitors across the ocutput in
saries and comnecting the series junction to ground through a capacitor., This
point may uct be comected directly to ground since the pover supply used muet float
with resuecet o pround snd heve a falrly emall tims constant for changing 1ts poten-

tin}) relative to ground,
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